Several experiments were conducted to investigate the role of speed in global-motion processing; the extraction of the direction of motion of a small subset of coherently-moving (signal) dots in a stimulus in which the other (noise) dots move in random directions. The specific aim of the experiments was to determine whether multiple speed-tuned global-motion systems exist. The results of these experiments are: (1) when the signal dots were chosen from a group of dots moving at 1.2°s
Introduction
Studies on how motion signals are processed in the visual system have established the existence of a number of distinct processing stages [1, 2] . One stage can be considered to be the extraction of local-motion signals by cells with relatively small receptive-field sizes. These cells are thus only able to extract motion signals over a localised region of space. The directionally-selective cells in cortical area V1 have this property [3] . This localised processing imposes a number of limitations on the information that these cells can provide about the motion of objects. One such limitation, normally referred to as the 'aperture problem' [1] , results in these cells being unable to signal the true direction of motion of an object that is larger than the cell's receptive-field size. In order to solve the aperture problem, it is necessary to integrate the output from a number of these local-motion cells. Such a pooling process appears to occur at the 'global-motion' stage where the output of a number of local-motion units that are tuned to different directions of motion are integrated across space. Cells capable of global-motion processing have been found in primate cortical area V5 [4, 5] (also see [6] for a review) 1 . A great deal of work has been devoted to establishing how direction is represented and processed at the global-motion level. For example, Albright et al. (1984) have shown that V5 has a columnar organisation similar to that found in V1, except that instead of being tuned to line orientation, columns in V5 are tuned to direction of motion [7] . Additionally, a number of psychophysical studies have investigated this issue [8] [9] [10] [11] [12] [13] .
The present paper is concerned with how speed is represented at the global-motion level. More specifi- 1 Area V5 is also called the middle temporal area (MT) due to its location in the brain of New World monkeys. However in Old World monkeys and in humans, it is not located in the middle temporal area [32] . In humans, for example, it is located laterally and ventrally, posterior to the ascending limb of the interior temporal sulcus [33] . To avoid confusion, we will refer to this area as 'V5 '. cally, its aim is to establish whether speed affects how the various directional signals are integrated and/or compared in the extraction of a global-motion signal. There would be a number of advantages with having independent global-motion systems that are tuned for speed. When establishing the global motion of translating rigid-bodies it may be computationally expedient to compare only motion vectors that have similar speed. For example, a single speed-insensitive global-motion system would be unable to distinguish between an image that contained one object moving in the same direction and speed and another image which contained two objects moving in the same direction but with different speeds.
The results of a study by Snowden (1990) suggests that multiple speed-tuned global-motion systems may exist [14] . His study investigated the masking effect that a vertically moving dot pattern had upon the detectability of a horizontally-moving dot field that underwent a single-step displacement. His response measures were D min and D max , the minimum and maximum displacements respectively, of the horizontal field for which direction of motion could be discriminated by an observer. He found that D max values were maximally affected (decreased) by relatively high-speed (: 2 -10°s ) masks. Snowden proposed that at least two speed-tuned networks may exist, one tuned to high speeds and the other to low. The sharp tuning curves obtained in his study support such a concept. However, as Verstraten et al. (1996) note, since Snowden's study investigated the interactions between a dot field moving in a multi-step manner and one moving with a single spatial step, it is not entirely clear that the study actually tapped the global-motion network [15] . Additionally, the precise interpretations that can be placed upon variations in D min and D max measures are unclear.
The study by Verstraten et al. (1996) was similar to the one conducted by Snowden (1990) except that their stimulus consisted of contiguous pixels and the threshold measure was the luminance signal-to-noise ratio required by the observers to determine the direction of motion of the signal pixels [14, 15] . Verstraten et al. also found a degree of speed selectivity in the observed orthogonal-masking effect, however it was not as tightly tuned as that observed by Snowden (1990) which led them to question the concept of two discrete speed-tuned mechanisms. There are, however, two potential problems with the study by Verstraten et al., both of which concern the possible contamination of their results (which they ascribe to global-motion processing) by interactions at the local-motion level. Since the stimuli used were not composed of spatially-discrete elements, the stimulus manipulations conducted by them may have affected the ability of the motion system to extract local-motion signals. Thus, the pattern of results may have reflected aspects of local-motion extraction and not aspects of global-motion pooling. Another potential drawback of the Verstraten et al. study and one that also applies to the study by Snowden (1990) is that only two directions of motion were used [14, 15] . The use of only two directions of motion may mean that the obtained results reflect possible direction-specific links between local-motion units as opposed to reflecting the properties of a more general global-motion process that pools all directions of motion. To ensure that the global-motion system is actually being tapped, the masking effect upon signal extraction produced by all directions of motions (not just orthogonal directions) should be investigated.
In the present study we used a class of sparse random-dot kinematogram stimuli that has been developed to investigate global-motion processing [12, 16] . This stimulus employs a strategy in which a small subset of the dots are constrained to move in the same direction with the same speed for one frame transition. The individual dots that comprise this signal group are randomly chosen on each frame transition. The other (noise) dots in the stimulus move in random directions, covering the entire 360°range, excluding the actual global-motion direction. The total number of dots in the stimulus is kept constant and the dots last the entire duration of the motion sequence unless they move outside of the viewing aperture, in which case they are 'wrapped around' to the other side of the aperture. Signal strength is varied by altering the proportion of the dots that are signal dots. The threshold measure is the minimum number of signal dots required to determine the global-motion direction. A number of lesion [16] , neurological [17, 18] , microstimulation [19] [20] [21] and trans-cranial magnetic-stimulation [22] studies have convincingly shown the importance of area V5 to the processing of global-motion stimuli.
Experiment 1: effect of high-speed noise dots on low-speed global-motion extraction
To investigate the possible existence of multiple speed-tuned global-motion systems, we employed a technique that has been previously used to investigate the interaction of motion signals in global-motion processing [23] [24] [25] . The technique is based upon the finding that thresholds for the global-motion stimulus (number of signal dots) increase as the total number of noise dots that the relevant global-motion system has to process is increased. In the present experiments, we employed this technique to test the concept that when the global-motion system is presented with a set of motion vectors composed of different speeds and directions, only motion signals with similar speeds are compared.
Method

Obser6ers
Three observers were used in the present study, two of the authors (ME and DB) and an observer who was naive with respect to the aims of the study. All had normal (ME, DB) or corrected to normal (TF) acuity with no history of visual disorders.
Stimuli
Each stimulus consisted of an eight-frame global-motion sequence. The duration of each frame was 50 ms, with no inter-frame interval, giving a total stimulus duration of 400 ms. Nine spatial-step sizes were used, ranging from 0.059 to 0.529°-in 0.059°intervals. This gave a speed range of 1.2 -10.8°s − 1 -in 1.2°s − 1 steps. The reason that this speed range was used was that motion thresholds were the same over this range (see below). Each dot was circular and subtended 0.2°of visual angle. The viewing aperture was a 16.8°diameter circle and the number of dots presented depended upon the stimulus condition, being either 75 or 150. This resulted in dot densities of either 0.34 or 0.68 dots deg
. These combinations of dot density and spatial step size resulted in low probabilities of false motion signals occurring [12] . The luminance of the background was 20 cd m − 2 and that of the dots was 30 cd m 
Procedure
Three stimulus conditions were used: (i) 75 low-speed dots; (ii) 150 low-speed dots; and (iii) 75 low-speed and 75 high-speed dots. In Condition (iii), the signal dots were only chosen from the low-speed dots, the highspeed dots were always noise dots. If low-speed dots are processed separately from high-speed dots, then adding high-speed additional-noise dots should have no effect on the extraction of a low-speed global-motion signal. Therefore, thresholds for the condition containing 75 low-speed and 75 pure-noise high-speed dots [Condition (iii)] should be the same as those for the condition containing only 75 low-speed dots [Condition (i)]. However, if the dots moving at the different speeds are processed by the same mechanism, then the threshold for Condition (iii) should be the same as for the condition containing 150 low-speed dots [Condition (ii)].
A critical step in the logic of this experimental technique is to ensure that if there is only a single globalmotion system, which pools motion vectors of different speeds, then the high-and low-speed dots should drive the system with equal strength. We can then be confident that any difference in the masking effects of the high-speed dots [Condition (iii)] and low-speed dots [Condition (ii)] on low-speed global-motion extraction is due to the different-speed dots being processed by different mechanisms and not due the different-speed dots driving a single mechanism with different strengths. The first step in ensuring this is to select a speed range for which global-motion thresholds are the same. Using the speed range of 1.2-10.8°s − 1 achieved this. However, it has previously been shown that merely matching thresholds does not ensure that different types of dots drive a common global-motion system with equal strength [26] . As will be discussed later, it is also important to compare the relative masking effect of the different dot types.
A single low-speed value of 1.2°s − 1 and a number of high-speed dot conditions were used; 10.8 down to 2.4°s − 1 in step sizes of 1.2°s
. Within each given trial, the direction that the signal dots moved in was randomised to be either up or down. The noise dots moved in random directions that covered the full 360°(excluding the signal direction). The effect of adding static 'noise dots' to the low-speed dots was also investigated. Baker et al. (1991) have shown that the performance of the akinetopsic patient LM on the global-motion task is severely impaired [17] . Under conditions for which thresholds for normal observers were in the range of 2-5%, LM required signal levels in the order of 80%. That is, the addition of a noise signal impaired LM's ability to extract the global-motion signal, suggesting that her global-motion processing system has been damaged. This elevation in global-motion thresholds occurred even when the noise signal consisted of dots that were stationary on the screen.
A single-interval procedure was used. The signal level was varied using a modified staircase procedure, which converged on the 79% performance level. Eight reversals were collected, with the threshold being taken as the mean of the last six reversal points. The staircase started at a signal strength of 50 dots (i.e. 50 dots moving in the same direction). The initial step in signal strength was eight dots, but this was decreased after each of the first three reversals, so that the step size for the last six reversals was one dot. Each threshold reported represents the mean of 10 staircases. Observers sat in a dark room, 0.71 m from the screen. Viewing was binocular and no feedback concerning the accuracy of response was given.
Apparatus
The stimuli were displayed on a Mitsubishi HL7955 colour monitor, which was driven by a Cambridge Research Systems VSG 2/1F in a host 80486 computer. Observer responses were recorded using a button box. The display had a refresh rate of 120 Hz.
Results and discussion
Results for the three conditions: (i) the 75 low-speed dots (75 LS), Condition (ii), 150 low-speed dots (150 LS Fig. 1 . Motion thresholds (number of signal dots required by the observer to extract the global-motion direction) are plotted against the speed of the additional-noise dots. Note that the x-axis values refer only to the speed of the additional-noise dots in the 75 LS+ 75 HS condition. The various conditions were interleaved in subgroups, e.g. for observer TF four groupings were used: 0°s , thresholds were raised above those for the 75 LS condition. For two of the observers (ME and DB), when the speed of the additional-noise dots was 2.4°s These results indicate that the extraction of a globalmotion signal carried by low-speed (1.2°s
) dots is not affected by noise dots moving at a speed that is equal to or greater than four times this speed (4.8°s or by stationary dots. Such a finding suggests that a global-motion system exists which is sensitive only to stimuli moving at a low speed. However, another interpretation of these results is possible. In spite of the matching of the thresholds for the low-and high-speed conditions, it may be that the low-speed dots drive a single global-motion system more strongly than the high-speed dots. Such a situation would account for the less effective masking by the high-speed dots compared to the masking produced by the low-speed dots. Edwards et al. (1996) have previously shown that different dot types may elicit similar global-motion thresholds when the stimulus contains only one dot type but produce different masking effects when they are pooled [26] . Fig. 1 . Motion thresholds for the three conditions used in Experiment 1 that investigated the effect of high-speed noise dots on low-speed (1.2°s − 1 ) global-motion extraction. This was achieved by comparing the threshold for the condition in which 75 high-speed-noise dots were added to 75 low-speed dots, some of which carried the globalmotion signal (75 LS+75 HS) with thresholds for conditions containing 75 low-speed (75 LS) and 150 low-speed (150 LS) dots. Only when the speed of the high-speed noise dots was close to that of the low-speed dots (2.4 and 3.6°s To determine which of these two possibilities is correct, the next experiment investigated the effect of low-speed noise dots on high-speed global-motion extraction. If there exists only a single global-motion system with greater sensitivity to lower speeds, then we should find that in the combined low-and high-speed conditions, the low-speed dots provide a more effective mask than the equivalent number of high-speed dots. However, if multiple, speed-tuned systems exist, then the low-speed dots should provide a weaker mask.
Experiment 2: effect of low-speed noise dots on high-speed global-motion extraction
This experiment is the converse of Experiment 1, in that we investigated the effect of adding low-speed noise dots on high-speed global-motion extraction.
Method
Stimuli
Three conditions were used: (i) 75 high-speed dots; (ii) 150 high-speed dots; and (iii) 75 high-and 75 low-speed dots. The high-speed dots moved at 10.8°s − 1 and the speed of the low-speed dots ranged between 1.2 and 6.0°s . Pilot studies indicated that it was unnecessary to increase the speed of the additional noise dots above 6.0°s − 1 since, by this stage, maximal interaction between the two dot types had occurred (within the limits of the sensitivity of our measure).
Results and discussion
Motion thresholds are shown in Fig. 2 . The general pattern of results is the same for all three observers. When the low-speed dots were moving at the lowest speed (1.2°s
), thresholds for the 75 high-speed and 75 low-speed dots (75 HS + 75 LS) condition were between the thresholds for the 75 high-speed dots (75 HS) and 150 high-speed dots (150 HS) conditions. As the speed of the low-speed noise dots was increased, a point was reached where the thresholds for the 75 HS + 75 LS condition were the same as the 150 HS condition. This point varied somewhat among the observers, but it was always substantially lower than the speed of the signal dots (10.8°s − 1 ). In the present study, even when the low-speed dots were moving at their lowest speed (1.2°s stimuli and the other to high-speed stimuli. Further, a comparison of Figs. 1 and 2 suggests that the system sensitive to low-speed motion signals has a narrower speed bandwidth (on linear axes) than the system that is sensitive to high-speed motion signals.
Experiment 3: step size or speed tuned?
In the previous experiments, we discussed the results in terms of speed tuning. However the various speeds were obtained by altering the spatial-step size of the dots, so it is not clear whether the results were confounded by this variation in step size. To control for any possible effects due to step size, the present experiment was conducted in which both the low-and highspeed dots have the same spatial-step size. The different speeds were achieved by varying the temporal rate at which the two dot types move to their new locations.
Method
Obser6ers
Two observers were used (ME and SN). The new observer SN had corrected to normal acuity and no history of visual disorders.
Stimuli
The stimuli were similar to those used in Experiments 1 and 2, except that the step size of both the low-and high-speed dots were the same -0.059°. Different speeds were produced by varying the update rate of the two dot types. The spatial location of the low-speed dots was changed every 50 ms, while those of the high-speed dots were updated every 10 ms. The direction in which each high-speed dot moved was held constant for 50 ms and was changed at the same time as that of the low-speed dots. To generate each motion sequence, 40 distinct images were required.
This procedure resulted in a low-speed of 1.2°s
and a high speed of 6°s
. Based upon the results of Experiment 1, this speed difference should result in no masking of low-speed global-motion extraction by the high-speed dots if the low-speed global-motion system is tuned to dot speed, rather than stimulus step size. As in Experiment 1, three conditions were run: (i) 75 low-speed dots; (ii) 150 low-speed dots; and (iii) 75 low-speed and 75 high-speed dots, in which the signal dots were only ever chosen from the low-speed dots.
Apparatus
The stimuli were displayed on a Sony Trinitron GDM-20SE1 colour monitor, which was driven by the framestore section of a Cambridge research systems VSG 2/3 (providing 8-bit luminance resolution and 32 megabytes of video memory) in a host Pentium computer. Observer responses were recorded via a button box. The display had a refresh rate of 100 Hz.
Results and discussion
The results for the two observers are shown in Table  1 . The pattern of results is the same for both observers and is also the same as the pattern obtained in Experiment 1 (Fig. 1) . Adding the high-speed additional-noise dots had no effect on motion thresholds for the extraction of the low-speed global-motion signal. This result suggests that the two global-motion systems identified in Experiments 1 and 2 are genuinely tuned to speed and that the results of these experiments are not compromised by variations in step size.
General discussion
The results of the present study indicate that the ability to extract a global-motion signal from a group of dots moving at 1.2°s − 1 was affected by the presence of higher-speed additional-noise dots only when the speed of those dots was 5 3.6°s − 1 . Conversely, the ability to extract a global-motion signal from a group of dots moving at 10.8°s − 1 was slightly impaired by the presence of the low-speed additional-noise dots moving at 1.2°s
. For all observers, when the speed of these additional-noise dots was 4.8°s − 1 or more, the degree of masking they produced was equivalent to the same number of noise dots moving at the global-motion speed, 10.8°s
. These results are not confounded by variations in step size. We interpret these results as indicating that at least two distinct global-motion mechanisms exist and that these separate mechanisms are sensitive to motion signals over different, restricted speed ranges.
Lower effecti6e contrast for the high-speed dots?
It could be argued that the present results may be accounted for by proposing that the high-speed dots had a substantially lower effective contrast than the low-speed dots. If such a marked difference in the effective contrast of the two dot types did exist then it may, at least in part, account for the observed asymmetry in the interactions between the processing of the high-and low-speed dots. Such a possibility is easy to test by increasing the contrast of the high-speed dots. Table 1 Motion thresholds for the three conditions used in Experiment 3 in which the low-speed (LS) and high-speed (HS) dots had the same step size Speed was controlled by changing the temporal rate at which the spatial location of the dots was changed. The pattern of results is the same as that obtained in Experiment 1; the addition of the pure-noise high-speed dots did not affect the ability of the observers to extract the global-motion signal carried by the low-speed dots. Interaction between the 20% luminance-contrast low-speed (LS) and 40% contrast pure-noise high-speed (HS) dots. The pattern of results is the same as that obtained when the dots had the same luminance contrast; the addition of the high-speed dots did not affect the extraction of the global-motion signal carried by the low-speed dots.
locations [16] . Clearly, the result of such a technique would be to randomise the speed of the noise dots. While Scase et al. (1996) have found no difference in thresholds for the two types of stimuli (fixed verses random step size for the noise dots) they used only two signal-dots speeds: 5 and 10°s − 1 [27] . Based upon the present findings, these two speeds would strongly drive the high-speed system and would not be effective in driving the low-speed system. This means that performance for both of the speeds used in their study would have been mediated by the highspeed global-motion system (as defined in the present study). The relatively broad speed tuning of that system would have resulted in it being sensitive to the vast majority of the various speeds that were produced by the random positioning of the noise dots. Thus, the effective number of noise dots that the high-speed global-motion system would have had to contend with in extracting the signal would have been about the same for both types of stimuli; hence their finding that global-motion thresholds were the same. If, however, Scase et al. (1996) had used low-speed (:1.2°s
) signal dots, then the two types of stimuli may have resulted in different thresholds. Specifically, lower thresholds should be obtained for the random position technique since many of the noise dots would have speeds that are outside the range of the lowspeed system, hence resulting in a lower number of effective noise dots.
The final point to note concerning the present results is that adding static dots did not affect thresholds for the low-speed (1.2°s − 1 ) condition (Fig.  2) . This finding suggests that the global-motion system does not process static stimuli. Note that the study by Baker et al. (1991) showed that the neurologically impaired subject (LM) could not extract a global-motion signal when static 'noise' dots were present, a finding which indicates that static dots were being processed by LM's motion system [17] . However, this finding presumably indicates what the visual system is capable of with a severely damaged globalmotion system, which may be different to the characteristics of the normal global-motion system. Also, while it appears that the global-motion 'system' does not process static stimuli, not all motion 'systems' are similarly selective, e.g. the motion system/s involved in the processing of induced motion, motion capture and static motion after-effects [28] [29] [30] [31] . That a normally-functioning global-motion system should be insensitive to static dots is logical since for such stimuli there is no distinction between signal and noise dots; signal as opposed to noise direction has no meaning for stimuli that are not moving. Thus, extracting a global-motion signal carried by static dots has no meaning. Table 2 shows the results, for two observers, of an experiment in which the contrast of the high-speed (10.8°s . As can be seen, the pattern of results is the same as that obtained in Experiment 2. The presence of the highspeed noise dots did not affect the extraction of the low-speed global-motion signal in spite of the fact that the high-contrast high-speed dots were at a much higher physical (and perceived) contrast than that of the low-speed dots. Thus, the present results cannot be accounted for by differences in the effective contrast of the dots.
It could be argued that the above results might be obtained if different contrasts are processed independently. That is the present results could reflect the existence of independent contrast tuned rather than independent speed-tuned global-motion systems. The results of the study by indicate that independent processing of different contrasts within the global-motion system does not occur [26] . Specifically, they showed that in the extraction of a global-motion signal from low-contrast dots, the addition of high-contrast additional-noise dots produces a masking effect that is equal to or greater than the masking effect produced by the same number of lowcontrast noise dots, when all of the dots move at the same speed. Consequently, we are confident that the present results are not due to contrast differences.
Implications for the different methods of generating noise dots
The present finding of speed-tuned global-motion systems and, more specifically, the finding that the low-speed system has relatively narrow tuning, has implications for the various methods that have been employed to generate 'noise' dots in global-motion stimuli. While the present study employed the technique of using noise dots that underwent a spatial displacement of a fixed size (speed), another popular technique is to replot the noise dots in random spatial
